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(54) Tide: METHOD FOR PRODUCTION OF PREDETERMINED POLYRIBONUCLEOTIDES 
(57) Abstract 

Methods of production of predetermined polyribonucleotide. These methods may then be used to synthesize RNA 
coding for a desired protein. The methods described include: (a) adding a single nucleotide on to the 3' end of a recipient 
ribonucleotide of predetermined composition by reacting the compound of the form AppNp with the recipient ribonucleo- 
tide in the presence of T4 RNA ligase and isolating the extended ribonucleotide where N is a ribonucleotide selected from 
the group adenine, guanine, cytosine, uracil and inosine. (b) adding a ribonucleotide of at least two bases by phosphorylat- 
ing a donor ribonucleotide of at least two bases at the terminal 5' and 3' ends, then mixing the phosphorylated donor rib- 
onucleotide with a recipient ribonucleotide in the presence of T4 RNA ligase to add the donor onto the 3' end of the reci- 
pient ribonucleotide where the recipient nucleotide is selected from the group consisting of a dinucleotide phosphorylated 
in the free 5' position and a nucleotide longer than 2 base pairs with either a hydroxyl or a phosphate group on the 5' term- 
inus and a hydroxylated 3' end. (c) synthesizing ribonucleic acid of a predetermined composition by sequentially building 
polynucleotides using the above methods. 
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METHOD 



PRODUCTION OF PREDETERMl 




POL YR I BONUCLEOT I D ES 



BACKGROUND AND PRIOR 



Ther are three g neral steps involved in the 
production of a protein utilizing genetic engineering 
techniques. The first step includes laboratory production 
of or isolation and purification of the desired gene which 
codes for a particular protein. The second step is the 
recombination of the gene with a proper transfer vector such 
as a plasmid. The third step includes transferring the 
recombined vector into a particular microorganism and 
inducing the microorganism to produce the particular gene 
product. 

The present invention is directed towards a method of 
accomplishing the first step. Current methodology for in 
vitro production of genes by sequential addition of nucleo 
tides consists of using chemical techniques (Itakura, K. and 
Riggs, A., Science 109:1401 (1980), (Khorana, H.G., Science 
203:614 (1979), enzymatic procedures (S. Gillam, P. Jahnke, 
C. Astall, S. Phillips, C.A. Hutchinson, M. Smith, Nucelic 
Acids Res. 6,2973 "(1979) and solid phase techniques to 
produce the desired DNA or RNA molecules. The chemical 
procedures of DNA synthesis are tedious because the 
reactions involved are non-specific such that extensive 
purification of the desired product is necessary after each 
operative step. Thus, synthesis of RNA and DNA by chemical 
techniques is significantly less desirable than enzymatic 
systems because greater amounts of starting material are 
required to produce comparable yields thereby increasing 
costs, the purification techniques are both time consuming 
and wasteful where some product is lost at each step, and 
the large number of steps involved in blocking and 
unblocking reactive sites provide many opportunities for 
error and risk of contamination by degradative enzymes which 
destroy the synthesized product. 

Enzymatic synthesis of RNA using polynucleotide phos- 
phorylase and T4 RNA ligase have b en reported. The poly- 
nucleotide phosphorylase method is limited to production of 
oligodeoxynucl eo tides. Under controlled conditions, poly- 




nucleotide pl^fcphorylase adds predominan^J^ a single nucleo- 
tide to a short oligodeoxynucleotide which is th n isolated 
by chroma togrpahic techniques. Solid phas techniques are 
p rformed by binding the nucleotide chain to a solid support 
material and using the above chemical methodology to add 
nucl eotides stepwise* 

The present invention teaches the composition and 
method of production of a compound useful in the process of 
synthesizing a predetermined sequence of RNA using the 
enzyme T4 RNA ligase. Processes for transcribing the 
synthesized RNA into DNA so that the synthesized gene may be 
incorporated into a plasmid, inserted into a microorganism 
and expressed, are known in the art* 

The existence, purification and mechanism of the enzyme 
T4 RNA ligase which is isolated from Escherichia coli 
infected with bacteriophage T4 have been described (Silber, 
R., Malathi, V.G. & Hurwitz, J., Proc. Natl. Acad. Sci. 
(1972) 69:3009). This enzyme catalyzes the formation of a 
phosphodi ester bond between the phosphate group on the 5' 
end of a donor nucleotide and the hydroxyl group on the 3 1 
end of the recipient oligonucleotide as shown below. 



0 

31 qt I 



-OH + H 2 0 3 P0— > 0P0 + H 2 0 

OH 



Japanese Patent Application 1980-19003 (published 
February 9, 1980 teaches the utilization of T4 RNA ligase to 
extend a polynucleotide by adding a single mononucleoside 
diphosphates (pNp) onto the 3 1 end of a nucleotide sequence 
with no terminal phosphate groups. This methodology 
requires as the starting substrate a trinucleotide, which 
must either be obtained commercially or synthesized by 
chemical means, and requires adenosine triphosphate (ATP) as 
an energy source for the reaction. Additionally, the 
invention teaches only the addition of a single base and is 
not capable of producing oligo or polynucleotides for which 
sequential addition is required. 



HO 



A p A p A OH + pCp + ATP >HO A p A p A p C p + AMP + PPi 



Abbreviations to be used in this application for 
convenience are provided in Tabl 1. 

TABLE 1 



Abbreviation 

A 

C 

G 

0 

N,X,Y,Z 

DNA 

RNA 

BAP 

VPD 

AppNp 

>P 

ul 
am 

TEAB 

DTT 

PNK 

nbzl 

pnbzl 

UV 

MOPS 

HEPES 



Definition 
Adenosine 
Cytosine 
Guano sine 
Uridine 

any ribonucleotide 

Deoxyr ibonucl eic acid 

Ribonucleic acid 

Bacterial alkaline phosphatase 

Venom phosphodiesterase 

A 5 'p 5, pN 3, p (see text 

for further explanation) 

2 1 - 2 f cyclized phosphodi ester 

bond 

Microliter 
Nanometer 

Tri ethyl ammonium Bicarbonate 
Buffer 

DL-Di thiothreitol (CI eland 1 s 
reag ent) 

Polynucleotide kinase 
o-nitrobenzyl group 
o-nitrobenzyl phosphate group 
Ultraviolet light 
3-[N-morpholino] propanesul f onic 

acid 

N-2-Hydroxy ethylpipera2ine-N 1 
-2-ethanesulf onic acid 
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This in^Btion teaches the synthe^i of biologically 
active KNA and DNA molecul s. All nucleotide sequences are 
indicated by their abbreviations according to Table 1. All 
phosphodiester linkages between nucleotides are S'-S 1 unless 
otherwise indicated. 
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SUMMARY OF THE INVENT I 




Th invention disclosed herein teaches methods of 
synthesizing single stranded RNA molecules of pr determined 
base sequ nee using the nzyme T4 RNA ligase to specifically 
add a mono-, di-, oligo- or polynucleotide (the donor) onto 
the 3 1 end of a ribonucleotide sequence two bases or longer 
(the recipient) in a 5 T — 3* linkage. The shortest recipient 
which the T4 RNA ligase will act upon in the catalysis is a 
dinucleotide phosphorylated in the S f position. If the 
recipient is a trinucleotide or longer, the 5' terminal end 
may be either phosphorylated or hydroxylated to allow 
specific addition of the donor to the 3 1 end of the 
recipient. Referring to the method for adding a single base 
as a donor onto the end of a recipient, if the starting 
material for the recipient is a dinucleotide either obtained 
commercially or synthesized by chemical techniques known in 
the art, the first step is to phosphor yl ate the free 5* end. 
This step is performed by mixing the dinucleotide with ATP 
in the presence of the enzyme polynucleotide kinase (PNK) 
(Richardson, C.C., Proc. Natl. Acad. Sci. U.S.A. 54, 158 
(1965) which specifically phosphorylates the 5 1 terminus of 
a nucleotide as depicted in equation 1. If the recipient is 
a trinucleotide or longer, this phosphorylation step is not 
necessary. 

PNK 

(1) OUVOH + ATP > p X p Y OH + ADP 

The second step is to mix the recipient dinucleotide 
with the chemical compound p^Adenosine, p 2 -(3 f nucleotide 
monophosphate)-^ 1 pyrophosphate of the form (AppNp), where N 
is a ribonucleotide selected from the group adenine, 
cytosine, guanine, uracil , and inosine. The compound AppNp 
and its synthesis are disclosed in the copending application 

( ). The reaction of the known recipient 

ribonvcleotide with th AppNp in the pres nee of RNA ligase 
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results in the production of a nucleotide as depicted in 
equation 2. This reaction does not require ATP as an energy 
source. 

RNA ligase 

(2) pV0H + A pp N p > pWp + P A 

This invention also discloses a method of adding a 
donor EN A molecule of 2 bases or longer to a recipient 
ribonucleotide such that 5' phosphate on the donor binds 
specifically with the 3' hydroxyl group of the recipient in 
the presence of ATP and RNA ligase to form an extended 
ribonucleotide (equation 3). The phosphate group on the 3 f 
end of the donor molecule makes that end unreactive to RNA 
ligase so as to prevent further addition of the donor 
molecules. Again for this method, if the recipient is a 
dinucleotide it must be phosphorylated on the 5 T end whereas 
if it is a trinucleotide or longer, phosphorylation is 
unnecessary (equation 4). 

RNA ligase 

(3) pVoH + p T p Z p > P X P Y P T P Z P 

ATP 

RNA ligase 

(4) p^^H + A ppnbzl > p^^nbzl 

To phosphorylate the 3 1 end of the donor molecule, the 
5* phosphorylated dinucleotide is reacted with the compound 
Appnbzl in the presence of RNA ligase (equation 4). The 
nbzl moiety may be removed from the resulting nucleotide by 
expo stir e to strong light (equation 5). 

light 

(5) p x p Y pnbzl > p X p Y p + nbzl 



The resf^ing extended ribonucl eot^^ can then be 
treated with bacterial alkaline phosphatase (BAP) which 
cleaves terminal phosphate groups preparing it to act as a 
recipi nt or it can be treated with polynucleotide kinase 
(PNK) phosphorylating the 5* end thereby converting it to a 
donor (equa tion 6 ). 

RNA ligase «>^VVS> Y p Z 




(., W * pVp ---»-> Wp'p^V^ 

The reactions described hereinabove are examples of a 
number of methods for production of nucleotides* These 
methods may be used effectively on longer oligonucleotides 
as well as the dinucl eotides described in this disclosure. 
In this way, entire RNA molecules coding for particular 
proteins may be synthesized. 

For each of the reactions described below, it is 
necessary to determine the identity of the reaction 
products* Identification of reaction products throughout 
these examples is made by talcing ratios ol absorption at 
250, 260 and 280 nm and comparing them to known standards. 
Identification and purity are also assayed by paper electro- 
phoresis at pH 5.0 in sodium citrate buffer and at pH 2.8 in 
ammonium formate buffer at 800 volts for 1 hour. 



OMFI 
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Description of the Specific Embodiments 

The present invention teach 
ligase in th preparation of nuc. 
base sequence. As hereinbefore < 
methods are disclosed. One meth< 
donor mononucleotide to a recipi 
least two bases. The other me tin 
donor nucleotides having two bae 
as to which of these methods sho 
the composition of the nucleotide 
the availability of commercially 
used as starting material. 

Monor ibonucl eo tide Additions 

In the synthesis of a trinucleotide of predetermined 
base sequence from a known dinucleotide and an AppNp com- 
pound, it is first necessary to phosphorylate the free 5* 
end of the dinucleotide* This is accomplished using the 
enzyme polynucleotide kinase under conditions known in the 
art. 

Following the phosphorylation step, it is necessary to 
isolate the phosphorylated dinucleotide from the other com- 
ponents of the reaction mixture. This is achieved by frac- 
tionating the reaction mixture and treating the pooled frac- 
tions containing the phosphorylated dinucleotide with ATPase 
which cleaves a pyrophosphate from ATP contaminating the 
phosphorylated dinucleotide pool. Isolation of the phos- 
phorylated dinucleotide by fractionation is then possible. 
The ATPase used in Example 1 below was obtained and purified 
as a side product of the T4 RNA ligase purification however, 
any ATPase should be effective. 

The phosphorylated dinucleotide or other form of 
recipient nucleotide is then incubated with an AppNp 
compound where the specific compound to be used is one for 
which N is the Nucleotide to be added to the 3' end of the 
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dinucleotid 



The preferred reaction c 



'it ion 



s are 



provided in the examples b low* 

Finally, the resultant nucleotide may be tr a ted with a 
phosphatas which removes temrinal phosphates leaving 
hydroxyl groups on the 5' and 3' termini. The conditions 



Addition of donor ribonucleotides of two bases or more 
can be made to the 3' end of a recipient ribonucleotide by 
phosphorylating the 5 1 and 3' ends of said donor and 
incubating said phosphorylated donor with said recipient in 
the presence of RNA ligase and ATP. The recipient 
ribonucleotide for this reaction must be a 5 f phosphorylated 
dinucleotide or an oligonucleotide with a phosphorylated or 
free 5 f terminus. 

To phosphorylate the 3 f end of the donor ribonucleo- 
tide, the ribonucleotide is incubated with Appnbzl in the 
presence of RNA ligase, thereby bonding the pnbzl moiety to 
the 3 f end. The reaction mixture is boiled to inactivate 
the RNA ligase and then mixed with ATP in the presence of 
polynucleotide kinase to phosphorylate the 5 1 end of said 
donor mol ecul e. 

The donor is isolated and may then be exposed to strong 
light such as 300 watt mercury vapor lamp to remove the nbzl 
moiety leaving the donor phosphorylate at the 5' and 3 f 
ends. The donor may be added to the recipient with or 
without removing the nbzl moiety. 

Following the addition of the donor ribonucleotide to 
the recipient, the resultant extended nucleotide may be 
treated with a phosphatase to remove all terminal phosphate 
groups thereby converting it to a form wherein it may act as 
a recipient. Alternatively, th extended nucleotid may be 



for the phosphatase reactions, dependent on which 
phosphatase is used, are well-known in the art. The 
phosphatase treated nucleotide is then prepared for 
subsequent additions as described below. 



Additions of More Than One Nucleotide 
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treated with PNK to phosphorylat th 5' end and allow it to 
b used as a donor. 

It is anticipated that all purification steps wherein 
the preferred m thod described is fractionation using a DEAE 
sephadex column may also be achieved by high pressure liquid 
chromatography, thin layer chromatography, gel and paper 
electrophoresis, and other known separation techniques 
without departing from the scope of this invention. 

EXAMPLE I 
Synthesis of ApGpA 

Adenylyl (3* - 5 1 ) guanosine (ApG) is first mixed with 
ATP in the presence of polynucleotide kinase to form pApG. 
The reaction mixture containing 70 ul of 15 mM AG (SIGMA) , 
60 ul of 1M Txis-HCl (pH 8.1), 10 ul 2-mercaptoethanol, 100 
ul of 100 mil MgCl 2 , 150 ul of 20 mM ATP, 50 ul H 2 0, and 100 
ul PNK (1500 units/ml) was incubated at 37° for 1 hour then 
fractionated by a DEAE Sephadex A-25 column on a linear 
gradient of 0*2 to 0.8 M TEAB (pH 7.6). The fourth peak 
containing ATP and pApG as identified by UV absorption is 
pooled, brought to dryness with methanol under a vacuum, and 
then lyophilized. 

To separate the ATP from the pApG the pooled fraction 
is treated with ATPase and fractionated on a column. 200 ul 
of the pApG/ATP mixture (A260=49.2), 100 ul of lOOmM DTT, 
100 ul of 1M MOPS pH 7.9, 150 ul of 100 mM MgCl 2 » 800 ul of 
H 2 0 and 250 ul of T4 ATPase (5000 units/ml) are mixed and 
incubated for 1 hour at 37°C. The resulting product was 
fractionated on a DEAE Sephadex A-25 column on a 0.2 - 0.8 M 
TEAB (pH 7.6) linear gradient. The second major peak at 260 
nm, the pApG fraction, was pooled. 

The pApG from the above reaction was then used in the 
synthesis of pApGpAp. T4 RNA ligase was obtained using the 
procedure of Silber et. al. 112 ul pApG (.87 mM), 58 ul 
AppAp (3.4 mM), 15 ul 1M HEPES pH 7.5 and 5-0 ul RNA ligase 
(1500 units/ml) were mixed and incubated for 1 hour at room 



temp rature.^^The resultant mixture was^Fac tionated on DEAE 
Sephadex A-25, and the pApGpAp p ak was identified by paper 
el ctrophoresis at pH 5.0 in 50 mil sodium citrate buffer. 
Th pooled pApGpAp fraction was brought to dryness in the 
presence of methanol und r vacuum and lyophilized. 

The sample was then treated with bacterial alkaline 
phosphatase (BAP). 40 ul pApGpAp, (approximately 1.0 unit 
at 260 nm.), 5ul 1M Tris-Hcl pH 8.1, 5 ul BAP C (200 
units/ml, Worthington Biochemical), and 50 ul H 2 0 was 
incubated for 30 min at 65°C and f ractioned on a DEAE 
Sephadex A-25 column with a 0.1 to 1.0 M TEAB pH 7.6 linear 
gradient. The ApGpA containing fractions were pooled. 



EXAMPLE 2 



Synthesis of pGUp from GAU 

The trinucleotide GAD (Collaborative Research) was 
assayed for purity by electrophoresis. A reaction mixture 
containing 225 ul 26 mM Appnbzl, 300 ul of 3.3 mM GpApU, 75 
ul 1 M MOPS pH 7.9, 300 ul 0.1M MgCl 2 , 150 ul 100 mM DTT, 
120 ul H 2 0, 180 ul RNA ligase and 150 ul 100% dimethyl 
sulfoxide DMS0 were incubated at room temperature for 20 
hours. The reaction mixture was then boiled for two minutes 
and 1400 ul of the boil ed mixture was then mixed with 300 ul 
of 20 mM ATP, 200 ul of 100 mM DTT, and 100 ul PNK (1500 
units/ml), and incubated for 90 minutes at 37°C. 

The reaction mixture was then fractionated on a DEAE 
Sephadex A-25 column with linear gradient of 0.1 M to 1.0 M 
TEAB pE 7.6. The fourth peak containing the pGpApDpnbzl was 
pooled and then exposed to a 300 watt mercury vapor lamp at 
a distance of 5 cm for 15 minutes in a water jacketed 
cooling chamber. 



SURE A 
OMFI 
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EXAMPLE 



ApApA + pGpApnbZl >AAAGA 

Th r action mixture consisting of 34 ul of 3.3 mM AAA 
(Boehringer) 70 ul of 1.0 mM pGpApnbzl (synthesized by the 
method of EXAMPLE 2), 40 ul of 1.0 M HEPES pH 7.83, 5 ul of 
1.0 M MgCl 2 » 25 ul of 20 mM ATP (SIGMA), 2 ul of bovine 
serum albumim (BSA) (1 mg/ml), 40 ul of RNA ligase (1500 
units/ ml), and 20 ul of 100% dimethyl sulfoxide was incu- 
bated overnight at room temperature. The reaction mixture 
was fractionated on a OEAE Sephadex A- 2 5 column. The sixth 
major peak with absorption ratios of 250/260 ~ 1.17 and 
280/260 = .667 was identified as the product AAAGApnbzl . 
The oligonucleotide was then exposed to the mercury vapor 
lamp as described in EXAMPLE 2 to remove the nbzl group. 

EXAMPLE 4 

ApCpCpU + pCpCpGpAp >ApCpCpDpCpCpGpAp 

The reaction mixture containing 75 ul of (1.2 mM) ACCU 
(which may be synthesized using EXAMPLE 1), 90 ul of 1.0 mM 
pCCGAp (EXAMPLE 1), 30 ul of 1.0 M MOPS (pH 7.9), 120 ul of 
100 mM MgCl 2 , 70 ul of 100 mM DTT, 60 ul of DMS0 (100%), 60 
ul of 20 mM ATP, 15 ul of BSA (10 mg/ml), 60 ul of RNA 
ligase (1500 units/ ml) and 100 ul of H 2 0 was incubated at 
room temperature (approximately 24°) for 16 hours. The 
mixture was fractionated on a DEAE Sephadex A-24 column with 
a 0.1 to 2.0 M TEAB pH 7.5 linear gradient and the sixth 
peak identified by UV absorption as being the polynucleotide 
ApCpCpOpCpCpGpAp ♦ 
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CLAIMS 



1. The method of synthesizing RNA of predetermined 
base sequence using th enzym T4 RNA ligas which comprises 
adding a donor specifically to th hydroxylated 3' end of a 
recipi nt of at least two bases whereby if said donor con- 
sists of two or more nucleotide bases, adenosine triphos- 
phate is provided as an energy source for the addition. 

2. The method of adding a predetermined single ribo- 
nucleotide to a recipient ribonucleotide of at least two 
bases which comprises: 

mixing said recipient ribonucleotide with a compound of 
the form AppNp in the presence of T4 RNA ligase under condi- 
tions which favor transfer of the pNp moiety from the AppNp 
to said phosphorylated ribonucleotide at the 3* end; 

wherein the N of the AppNp is a ribonucleotide selected 
from the group consisting of adenine, guanine, cytosine, 
uracil and inosine. 

3. The method of adding a predetermined ribonucleotide 
of at least 2 bases to a recipient ribonucleotide of at 
least two bases comprising the steps of: 

phosphor ylating specifically the 3* end of the donor 

ribonucleotide; 

phosphorylating the 5' end of the donor ribonucleotide; 

incubating the recipient ribonucleotide with the phos- 
phorylated donor ribonucleotide in the presence of T4 RNA 
ligase under conditions which permit covalent bonding 
between the recipient and donor ribonucleotide. 

4. The method of Claim 2 wherein said recipient ribo- 
nucleotide is selected from the group consisting of a 5' 
phosphorylated 3' hydroxylated diribonucl eotide, an oligo- 
nucleotide phosphorylated at the 5' end and hydroxylated at 
the 3' end, and an oligonucleotide hydroxylated at the 5' 
and 3' ends. 



OMPT 
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5. The' method of Claim 3 wherein said recipient ribo- 
nucleotide is selected from the group consisting of a 5' 
phosphorylated 3 f hydroxylat d diribonucl eotide, an oligo- 
nucleotide phosphorylated at the 5 f end and hydroxylated at 
th 3 T nd, and an oligonucleotid hydroxylat d at the 5* 
and 3' ends. 

6. The method according to Claim 4 further comprising 
the step of synthesizing said 5 T phosphorylated, 3 f 
hydroxylated ribonucleotide by reacting a ribonucleotide 
hydroxylated at the free 3 f and 5 1 termini with adenosine 
triphosphate (ATP) in the presence of polynucleotide kinase. 

7. The method according to Claim 6 further comprising 
the steps of: 

reacting a ribonucleotide hydroxylated at the free 3* 
and 5 V termini with ATP in the presence of polynucleotide 
kinase to form a phosphorylated ribonucleotide; 

fractionating the reaction mixture by an exchange 
column chromatography; 

treating the portion of the fractionated reaction 
mixture containing the phosphorylated ribonucleotide with an 
ATPase; 

fractionating the ATPase treated reaction mixture to 
isolate the phosphorylated ribonucleotide. 

8. The method according to Claim 5 further comprising 
the step of phosphorylating specifically the 5' end of a 
recipient ribonucleotide by reacting said ribonucleotide 
with ATP in the presence of polynucleotide kinase. 

9. The method according to Claim 3 wherein the step of 
phosphorylating the 5 1 end of the donor ribonucleotide 
comprises the step of reacting said ribonucleotide with ATP 
in the presence of polynucleotide kinase. 
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10. The method according to Claim 3%herein the step of 
phosphorylating the 3* nd of the donor ribonucleotide 
compris s th step of 

reacting a ribonucl otide of at least two bases with 
the compound Appnbzl in the presence of T4 RNA Ligase under 
conditions which favor bonding of the pnbzl group to the 3 f 
terminus of said ribonucleotide. 

11. The method of synthesizing RNA of predetermined 
base sequence comprising the steps of: 

a) phosphorylating a ribonucleotide of known base 
sequence of at least 2 bases at the 5* terminus; 

b) reacting said RNA with AppNp in the presence of T4 
RNA ligase to bond the pNp moiety of AppNp to the 3 f termi- 
nus of said ribonucleotide; 

c) treat the resulting extended RNA with an enzyme 
which cleaves terminal phosphate groups; 

d) repeat steps b and c until the ribonucleic acid of 
predetermined sequence is produced; 

wherein N is a ribonucleotide selected from the group 
adenine, guanine, cytosine, uracil and inosine. 

12. The method of Claim 2 wherein said conditions 
under which the transfer of said pNp moiety is favored 
consists of incubation of said recipient ribonucleotide with 
said AppNp compound in the presence of RNA ligase in a small 
volume of HEPES Buffer for 1 hour at 37°C. 
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